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Abstract: With the impoundment of the Three Gorges Reservoir, algal blooms have been found in 
some tributaries. In this study, according to the theoretical analysis of the eutrophication mechanism 
in a river-type reservoir tributary, a one-dimensional eutrophication model was developed for the 
Xiangxi River tributary of the Three Gorges Reservoir, and the influence of hydrodynamic 
conditions on the primary growth rate of algae was investigated. Furthermore, numerical 
predictions of hydraulic variables and eutrophication factors, such as the concentration distribution 
of TP,TN, and Chl-a in the spatial and temporal domains, were carried out. Comparison of 
computation results of TP, TN, and Chl-a concentrations along the river in the spring of 2005 with 
experimental data demonstrates the validity of the model. The agreement between the computation 
results and the experimental data of TPandTN concentrations is better than the agreement 
between those of Chl-a concentration. The simulated results also show that the Chl-a concentration 
downstream is much higher than that in the upstream tributary, which potentially indicates the 
outbreak of algae in this area. Therefore, this study provides a feasible method of accurately 
predicting the state of eutrophication in river-type reservoirs and their tributaries. 
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1 Introduction 
The Three Gorges Reservoir is a typical river-type reservoir with characteristics of both 
rivers and reservoirs. There are certain differences between river-type reservoirs and normal 
reservoirs or lakes: the lengths of river-type reservoirs are much greater than their widths and 
depths, and they act as reservoirs during the dry season and as rivers during the flood season. 
When a river-type reservoir acts as a river in flood season, favorable hydrodynamic 
conditions and water quality appear in the main area of the reservoir, but flow velocities in 
tributaries near the reservoir are usually very slow because of the effects of the high water level 
and low discharge in the tributaries. For most of the year, water is stagnant in this domain. 
With favorable sunlight, temperature and wind speed conditions, algae are able to develop 
more easily, leading to eutrophication in this domain (Li et al. 2005a; Huang et al. 2006; 
 Ling-ling WANG et al. Water Science and Engineering, Mar. 2009, Vol. 2, No. 1, 16-24 17 
Wagner and Zalewski 2000; Zhang et al. 2008).  
Since the impoundment of the Three Gorges Reservoir in 2003, algal blooms have been 
found in tributaries such as the Xiangxi River and the Daning River in the spring, seriously 
affecting the water quality of the Three Gorges Reservoir. Research has shown that the extreme 
low flow velocity of these tributaries is one of the main reasons for the algae growth and 
subsequent outbreaks (Li et al. 2005a; Imteaz and Asaeda 2000). The velocity near the Xiangxi 
River estuary is around 1.0 mm/s, which is even difficult to measure with standard monitoring 
instruments (such as a current meter). Furthermore, there are only a few published papers on 
the relationship between algae growth and hydrodynamic monitoring. 
In this study, hydrodynamic and eutrophication models of tributaries of river-type 
reservoirs were developed and used to examine the influence of hydrodynamic conditions on 
the primary growth rate of algae. Matching of the measured and computed values demonstrates 
the validity of the developed models. They can provide powerful support for ecological 
operations and decisions for similar river-type reservoirs. 
2 Eutrophication mechanism and algae outbreaks in  
Xiangxi River 
2.1 Mechanism of eutrophication generation 
Natural water bodies are typically open systems interconnected with the surrounding 
environment. Because of runoff, rainfall, and pollutant dissolution in large reservoir inundation 
areas, nutrients inevitably accumulate in water bodies. Eutrophication has an extremely close 
relationship with high concentration of TP, TN, and other nutrients, all of which are 
indispensable to algal blooms. Different water bodies with different geographic features, 
climatic conditions, aquatic ecosystems, and pollution characteristics will have different 
predominant algae populations and lead to different kinds of unbalances of aquatic species in 
these areas (Jin 2008). The necessary conditions for algae growth are essentially the same: 
adequate amounts of TP, TN and other nutrients, suitable hydrodynamic conditions, and 
sufficient temperature and light conditions. Only when these conditions are met will there be a 
dominant outbreak of algae (Li et al. 2005a). 
2.2 Phenomena of algae outbreaks in Xiangxi River 
The Xiangxi River lies north of the Yangtze River, about 40 km upstream from the Three 
Gorges Reservoir (Fig. 1). Since the impoundment of the Three Gorges Reservoir in 2003, 
algal blooms have been found in Xiangxi Bay during the spring (Luo et al. 2007; Cai and Hu 
2006). The amount of Chl-a has increased abnormally. Extensive field monitoring has been  
carried out along the river, especially in the upstream area of the Xiangxi River estuary. 
According to the water quality survey conducted in the period of algal blooms in 2004, water 
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temperature is 13.5-15.8 ć, pH is 8.5-8.9, saturation of DO is 107%-151%, TP concentration 
is 0.144-0.285 mg/L, and TN concentration is 0.85-1.43 mg/L: all much higher than the 
standard levels of eutrophication. The predominant species of algae are diatoms and green 
algae. Their density is 15u106 cell/L, about 100 times higher than that in the upper reaches of 
the Xiangxi River. These are typical algal bloom features. 
3 One-dimensional model of river eutrophication 
3.1 Model establishment  
Predicting reservoir eutrophication tendencies 
is complex because of the simultaneously 
occurring factors and large area involved. 
Presently, numerical models are widely adopted. 
First, hydrodynamic simulation should be carried 
out: the implicit Pressimann discrete format is 
employed to solve the Saint-Venant equations. A 
detailed calculation algorithm was given by Zhong 
(2007). 
Fig. 1 Xiangxi River 
The eutrophication model should include a 
recycling process for TN and TP, DO balance, 
plankton, hydrodynamics, sediment, water 
temperature, and other factors and interactions. 
However, the model will become extraordinarily 
complex and much harder to solve when all of 
these interactions are taken into account. This 
paper focuses on the climate, hydrodynamic conditions, and the concentration of nutrients, all 
of which are closely related to algae growth. 
(1) Climatic factors: Light and temperature are the most important factors for algae 
growth. Climate parameters can be considered evenly distributed since the area of the Xiangxi 
Bay is limited. 
(2) Hydrodynamic factors: Natural water bodies are the carriers of nutrients, which 
determine the amounts of nutrients to be transferred. 
(3) Nutrients and algae module: TN and TP are the most important nutrient substances for 
algae growth. The density of algae can be quantified with Chl-a concentration. Therefore, the 
eutrophication model for Xiangxi Bay is composed of advection-diffusion equations for TP, TN 
and Chl-a.  
The universal governing equation for these variables is as follows (Hernandez et al. 1997; 
Arhonditsis et al. 2004): 
 Ling-ling WANG et al. Water Science and Engineering, Mar. 2009, Vol. 2, No. 1, 16-24 19 
 
   c c c
c( )
A Q
AE Af
t x x x
U U U Uw w ww § ·  ¨ ¸w w w w© ¹ S              (1) 
where cU  is the average concentration of a dependent variable C at the cross section, E is the 
longitudinal diffusion coefficient, A is the cross-sectional area, Q is the discharge, ( )cf U  is 
the biochemical reaction term of C, and S is the source (sink) term. 
The biochemical reaction term of the Chl-a conservation equation is  
 Chl-a Chl-a( ) ( )f RU P U  V                           (2) 
where P , R, and V are the primary growth rate of algae, death rate of algae, and volume of 
water, respectively; and Chl-aU  is the concentration of Chl-a. 
    For the calculation of the primary growth rate of algae, some factors, including the 
temperature T, the light intensity L and nutrients, should be taken into account: 
   TP TN( ) ( )min ( ), ( )f T f L f fP U U                    (3) 
where ( ) and  ( )f T f L
)U

 are the functions of temperature T and the light intensity L,
respectively; and are the concentrations of TP and TN, respectively (Li et 
al. 2005b). According to Liebig’s law, the primary growth rate of algae is related to the 
predominant factor in TP and TN functions. Hydrodynamic processes are not involved in Eq. (3). 
In order to consider the hydrodynamic effect, we must use Eq. (4) instead of Eq. (3): 
TP TN( ) and  (f fU
 TP TN( ) ( ) min ( ), ( ) ( )f T f L f f f uP U U                      (4) 
Here, the hydrodynamic function is , where u is the section average velocity (Li 
et al. 2005b). A finite volume method is used to discretize Eq. (1), and other algebraic 
equations are solved using the Tridiagonal-Matrix algorithm. A detailed algorithm was given by 
Zhong (2007). 
6.6( ) 0.7 uf u  
3.2 Model coefficients  
The model coefficients can be divided into two groups:  
(1) Coefficients less affected by the natural environment of the domain, such as N and P 
contents in the algae, the half-saturation constant, turbidity, light intensity, and other 
coefficients that depend on the types of algae.  
(2) Coefficients greatly affected by the natural environment, such as the extinction 
coefficient, TN and TP sedimentation rates, and hydrodynamic function (Hamilton and 
Schladow 1997). These coefficients have already been determined by academic publications  
within the past ten years (Li et al. 2005b). 
4 Case study  
4.1 Boundary conditions for simulation 
The study area from the estuary of the Xiangxi River to the Xingshan hydrological station 
is 32 km long. During the impoundment period, three typical flow patterns appear from the 
upstream to the estuary: the river pattern, the pattern of the transition zone from the river to the 
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bay, and the pattern of the bay. The area was divided into three regions based on the three flow 
patterns. A singular matrix decomposition method (Zhong 2007) was employed to obtain the 
values of roughness in these three regions: 0.025, 0.024, and 0.022, respectively. 
The upstream boundary condition was defined as ( )Q Q t , where is the discharge 
at the Xingshan hydrological station. The downstream boundary condition at the estuary of 
Xiangxi River was defined as 
( )Q t
( )H H t , where  is the water level of the Three Gorges 
Reservoir. Fig. 2 shows the distribution of Q(t) at the Xingshan station and H(t) of the Three 
Gorges Reservoir from March 17 to April 29, 2005. The measured values of TP, TN, and Chl-a 
concentrations were considered the initial and boundary conditions. The spatial grid size was 
115.7 m, and the time step was 1.0 min.
( )H t
 
Fig. 2 Discharge and water level process at boundary in 2005 
Calculations were made from March 23 to April 22, 2005. During this period, algal 
blooms appeared in Xiangxi Bay (Han et al. 2006). 
4.2 Dealing with source item 
There is no phosphorus chemical plant in Xiangxi Bay. Urban sewage and agricultural 
non-point source loads were taken into account. According to the data (Wang 2005), the 
average load of TN in the bay is 1 292.42 t per year, 69.93% of it originating from upstream of 
the main Xiangxi River and 30.07% from the Gaolan tributary. The average load of TP per year is 
274.1 t, only 5.01% of it coming from the Gaolan tributary. The watershed area of the Xiangxi 
River is 3 099 km2, of which an area of 1 900 km2 is monitored by the Xingshan hydrological 
station and an area of 833 km2 is monitored by the Jianyangping hydrological station on the 
Gaolan tributary. The flow discharge and loads of TP and TN from the Gaolan tributary are 
regarded as the point sources according to the observed value from 2005. When flow velocity 
is less than 0.02 m/s, phosphorus settles and causes a reduction in the TP concentration. This 
has been considered the source of the TP governing equation (Fang et al. 2006).  
4.3 Calculation results and analysis 
Based on the algorithm above, the results for an unstable hydrodynamic field and 
ecological factors were obtained from March 23 to April 22, 2005. The unsteady flow velocity 
on April 4 and April 10 is displayed in Fig. 3. D is the distance to the Xingshan station in the 
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following figures. The results show that a 5- to 6-km region downstream of the Xingshan 
hydrological station runs as a river, with an average velocity of around 0.4-0.6 m/s. Also, a 10- 
to12-km region further downstream acts as a transition zone from the river to the bay. This 
region has a decreasing flow velocity, from 0.4 m/s to 0.01 m/s. The last 12- to 14-km region 
near the Xiangxi River estuary is almost inactive, having a velocity of around 0.001 m/s.  
Fig. 3 Velocity distribution along river on April 4 and April 10, 2005     
Typical distributions of TN, TP, and Chl-a concentrations along the river on April 4 and 
April 10 are shown in Figs. 4 and 5. In the upper reaches of the Xiangxi River, due to the large 
flow velocity and strong convection, Chl-a concentration is low. The situation upstream of the 
estuary in Xiangxi Bay is different because of its high water levels and extremely small 
velocities. TN, TP and other nutrients in the bay accumulate, algae grow rapidly, and Chl-a 
concentration rapidly rises. Meanwhile, near the river estuary, the measured concentration of 
Chl-a is relatively low. A possible reason for this is that the hydrodynamic conditions are 
greatly influenced by the Three Gorges Project.  
Fig. 4 Distribution of TP, TN, and Chl-a concentrations along river on April 4, 2005                        
Fig. 5 Distribution of TP, TN, and Chl-a concentrations along river on April 10, 2005                        
The average detention time of nutrients in the bay can be estimated by analyzing the flow 
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velocity distribution. It extends from one day to over six months. An outbreak of algae is very 
likely because of both the weak hydrodynamic conditions and the nutrient accumulation in the bay. 
It can be seen from Figs. 4 and 5 that the TN concentration gradually increases as one 
moves downstream along the river. This is due to the large number of non-point source loads. 
At the same time, the TP concentration in the bay declines. This is due to the settlement of 
particulate phosphorus. The Gaolan tributary contributes much of the TN to the Xiangxi River. 
This import can be seen at its convergence point in Figs. 4(b) and 5(b), while no evident effect 
on TP distribution is found because only 5.01% of the TP comes from the Gaolan River. 
Figs. 4 and 5 also show that the numerical simulation result has better agreement with the 
measured data of TP and TN concentrations than with that of Chl-a concentration. 
5 Effect of hydrodynamic function 
 
Fig. 6 Effect of hydrodynamic conditions on   
chl-a concentration  
Eq. (4) establishes a model to simulate 
hydrodynamic conditions for calculation of the 
primary growth rate of algae. A comparison of 
the numerical results in Case 1 and Case 2, 
which refer to Eqs. (3) and (4), respectively, is 
shown in Fig. 6. The numerical result shows that 
a little difference occurs only within the 8-km 
region downstream of the Xingshan station. In 
Case 1, the hydrodynamic effect is not 
considered, and the Chl-a concentration shows a 
rising trend, while in Case 2 the hydrodynamic 
effect is considered, and the Chl-a concentration shows a downward trend in the 6-km domain 
near the Xingshan station. However, the Chl-a concentration in both cases shows the same trend 
beyond 8 km away from the Xingshan station. 
Simulation results show that the evolution of algae concentration is influenced by the shift 
of their growth and death rates. For a flow with a high velocity, f(u) tends to approach zero. The 
growth rates described by Eqs. (3) and (4) will have significant differences, so hydrodynamics 
will significantly affect the algae growth rate; for a flow with a low velocity, hydrodynamics 
will have little effect. Therefore, the effect of hydrodynamics on the growth rate of algae in the 
river region and the transition zone from the Xiangxi River to the Three Gorges Reservoir 
should be taken into account, whereas the hydrodynamic conditions in Xiangxi Bay or the 
reservoir can be neglected. 
6 Model prediction ability analysis 
Fig. 7 shows Chl-a concentration distribution on March 23, 2005. The Chl-a concentration 
is quite low and flat except in the region near the Gaolan tributary, with the highest value being 
44.09 ȝg/L. We know that algal blooms broke out in April and lasted about one month. With the 
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measured result of March 23 being the initial condition, the developed model was used to 
simulate the Chl-a concentration from March 23 to April 22. Fig. 8 shows the change of Chl-a 
concentration from March 29 to April 16 at a monitoring point near Xiakou. We can see that the 
Chl-a concentration at the center of the backwater zone increases with time in early April. This 
can be regarded as an indication of an algal outbreak, so the developed model has a high 
capability for Chl-a prediction. 
     
Fig. 7 Distribution of Chl-a concentration along   Fig. 8 Change of Chl-a concentration near Xiakou      
   Xiangxi River on March 23, 2005                from March 29 to April 16, 2005 
7 Conclusions 
Based on a one-dimensional hydrodynamic model, an eutrophication model was 
established. The effect of hydrodynamic conditions on the growth rate of algae was examined 
using the measured discharge, water level, and concentration of TP, TN, and Chl-a as initial and  
boundary conditions. Numerical tests in the Xiangxi River tributary of the Three Gorges 
Reservoir show that the developed model is valid for three types of water bodies: rivers, 
transition zones from rivers to bays, and bays. Agreement between the measured and computed 
data proves that the model forecast accuracy meets the requirement of practical projects. The 
model can also be used for eutrophication simulation for similar river-type reservoirs in the 
upper reaches of the Yangtze River. 
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